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The Effect of Ion Implantation

on the Corrosion Behavior of

a High-Density Sintered
Tungsten Alloy

F. C. CHANG, M. LEVY, S . S. LIN®

_ Abstract

The effect of Cr, Ni, Ta, and Ti ion implantation at a dose
rate of 2 x 10" jons cm -2 on the electrochemical corro-
sion behavier of a high-density sintered tungsten alloy
has been investigated in Cl--free and Cl--containing
aqueous solution buffered 10 pH values of 4, 9, and 12.
A thres-sweep potentiodynamic polarization technique
was used 1o compare the polarization behavior of unim-
planted and implanted surfaces. The surfaces of the ion-
implanted tungsten alloy were characterised by Auger
electron spectroscopic (AES) analysis.

Introduction

Sintered tungsien alloys are candidate materials for
certain US Army applications because of their high densi-
ty. Until recently, the corrosion of tungsten alloys has not
been considered a problem. Andrew, ¢t al.,' reported
that a 90 W, 7.5 N1, 2.5 Co alloy readily corrodes when
expossd 10 air-saturated water vapor. The authors in a
previous paper® showed that a tungsten alloy 97 1 W, 1.6
N, 0.7 Fe, 0.5 Cu, 0.1 Co also undergoes corrosion
when exposed 10 a chioride-containing aqueous solution .
Some dissolution of the tungsten grains and localtsed at-
tack of the metrix alloy were obesrved.’ This paper
reports on the eflects of Cr. Ni, Ti, and Ta implantation
on the corrosion behavior of a sintered tungsten alloy In
aqueous solutions of varying pH values by electrochemi:
cal techniques.

Esperimental Precedure
The sintered tungsten alloy (W2) wes fabricated

'mu-uumu-u.c.—. Wetgrtown, Mase-

using powder metallurgy techniques (isostatic compac-
tion of mixed metal powders followed by sintering in
hydrogen). The basic tungsten content was 97.1% . The
malrix composition included 0.7% Fe, 1.6% Ni, 0.1%
Co, and 0.5% Cu. Figure 1 is a micrograph of the alloy
showing rounded tungsien particles surrounded by a
layer of matrix solid solution. Note the porosity in both
the tungsten grains and the matrix alloy.

Specimens for electrochemical tests were flat discs.
5/8 in. (16 mm) in diameter and 1/8 in. (3.2 mm) thick_
The exposed surface area was 1| cm?. The specimens
were ground to a 64 root mean square (rms) finish.
rinsed with distilled water, acetone-degreased. air dried.
and jon implanted.

The aqueous solutions used for electrochemical tests
were buffered to pH values of 4, 9. and 12 with and with-
out 0.1 molar (M) NaCl. They weare prepared from labor-
atory reagent chemicals and distilled H,0 The buffers
used 10 fix the pH included citric acid. disodium phos-
phate, sodium hydrogen carbonate. and sodium hydrox-
ide

Electrochemical polarization measurements wers
made utilizing a three-sweep method of potentiodynamic
polerization. Prior 10 sweeping the potential. the speci-
men was allowed to remain in the solution for at least 30
minutes t0 permit the potential to come 10 a steady-state
corrosion potential. The three-sweep method involved a
positive direction sweep from the corrosion potential to
+1.6 V vs SCE. This was followed by a negative direc-
tion sweep t0 a potential 250 mV more negative than the
corrosion potential. Finally, there was a second positive
direction sweep 10 a potential of +1.6 V vs SCE The
sweep rate used was 4 V/h throughout. Polarisation runs




wese made with the tungsten alloy in both the Visgin and
ion-implanted condilions in asgon pusged solutions.

The ton img sntation’® wes performed at a doss rate
of 2 x 10" ions cm-t. The energy of singly charged
postiive lons used varied with the lon implanted: 156
KeV for Cr; 168 KeV for Ni; 160 KeV for Ta; and 142
KeV for Ti. The ion-implanted tungsten alloy specimens
wese anshoed with an ESCA/Augsr instrument and
ssanning Auger micsoprobs (SAM) attechment before
ond ghae the polasination tests.

SPutenned by the Mavel Ressassh Labsatory, Washington, DC.

The surfaces to be examined were carefully chosen

Results and Diecussion

Unimplanted W2 in Cl-Free Solutions —
Effect of pH

The complete, three-sweep potentiodynamic
polarization curves for the unimplanted tungsten alloy in
aqueous solutions of pH values of 4, 9, and 12 are
shown in Figure 2. In the pH 4 solution during the first
positive divection sweep, the air-formed oxide film is re-
paired and replaced above 0.500 V by nonsteady-state
film growth and a consequent increase in the anodic cur-
rent density from ~50 pa/cm? o ~ 1000 sa/cm?. A
relatively well-marked hysteresis loop is obeerved upon a
reversal of the sweep direction. Anodic current densities

mashed surfaces and some porosity was present in the
virgin W alloy both in tungsten grains and in the matrix
alloy) (Figure 3). Similar hysteresis loops have been
reported for specimens containing synthetic crevices 3¢
The major difflerence in the second positive direction
sweep s the appearance of an anodic current density
peak st ~0.500 V which must be due to an alloying ele-
ment in the matrix material.

Theees-sweep curves for the alloy in the pH 9 solu-

at ~+0.200 V. A wanspassive region is cbserved at
~1.400 V. There is no apparent hysteresis loop during
the reverss sweep. Again, the thres-sweep curves for the
alloy in solution of pH 12 are essentially identical 10 one
another. The anodic current deneity incressss o ~ 560
pa/cm? where it remains fairly constant throughout the
potential renge - 0.250 1o 1.140 V, showing that the ox-
ide film remains esmsentially unchanged. In general, in-
creasing the pH from 4 10 9 10 12 serves 1o shift the corro-
sion potential in the more active or electronegative direc-

mum'hm-u”m
pH 0 10 pH 4 from the corvosion potential and above, 0
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1.4 V where the tungsten is covered by WO, or higher
oxides WO,, W,0,. The corrosion ares extends from the
corrosion potential 10 ~ 1.4 V and above, at pH 4 10 16,
and in the more alkaline solutions it has a slight tendency
o decompose H,O with evolution of H,O dissolving as
tungstic ions WO, -2 In addition, the curves at higher pH
exhibit reversibility whereas the curve at pH 4 exhibits a
marked hysieresis loop.

Chioride-Free Environment —
Chromium-Impilanted W2 Alloy

The potentiodynamic polerization curves for the W2
alloy implanted with 2 x 10*’ Cr* ions cm-? are shown
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Polarizat' on curves of W2 in pH of (a) 4, (b) 9, and (c) 12 solutions without

in Figure 4. In this case, there are differences between the
first positive sweep for Cr-implanted W2 and the corre-
sponding sweep for unimplanted W2 at pH 4 and 9. At
pH 4, the Cr-implanted W2 alloy is more difficult to
passivate and the anodic current aensity is greater
throughout the entire potential range. in solution of pH
9, however, the Cr-implanted alloy is more easily
passivated while the anodic cumrent density increases at
potentials above 0.80 V. These data are consistent with
the theoretical Pourbaix diagram for chromium,® con-
sidering Cr(OH), or Cr,O, in solutions not containing
chioride. According to the Pourbaix diagram, chromium
should be corroding in solution of pH 4 throughout the
potential range of the first positive sweep. But at pH 9,
passivation is indicated, except at corrosion potentials
above 0.80 V where corrosion occurs. The films formed
on Cr-implanted W in the pH 9 solution may be slightly
more protective than those formed on the unimplanted
W2. In solutions of pH 12, the shape of the curves for
both the implantsd and unimplanted alloy is essentially
the same, indicating that the implanted specimen shows
no change in the film by the process or the chromium.

Nickel-Implanted W2 Alloy

Figure 5 shows the potentiodynamic polarization
curves for Ni-implanted W2 alloy. The curves for both the
unimplanted and implanted material have similar shapes,
but the anodic current density for the implanted alloy is
grester throughout the entire potential range of the
sweeps. The main area of comrosion from the Pourbaix
diagram lies between pH - 2 and 9. Also, a small area of
passivation exists in the pH range of from 9 to 12. There-
fore, the implanted Ni provides no beneficial modification
of the oxide film throughout the pH range of 4 to 12.

Titanium-Implanted W2 Alloy

The potentiodynamic curves for the W alloy im-
planted with 2 x 10'" Ti* ions cm -2 (Figure 6) are similar
to corresponding curves for unimplanted W. But in solu-
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FIGURE 4 - Polarization curves of Cr-implanted W2 in pH of: (a) 4, (b) 9, and (c) 12 solu-
tions without chioride.
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FIGURE S - Polarization curves of Niimplanted W2 in pH of: (a) 4, (b) 9, and (c) 12 solu-
tiens without chioride.
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FIGURE 6 -~ Pelerisation curves of Ti-implanted W2 in pH of: (a) 4, (b) 9, and (c) 12 solu-
tions witheut chioride.
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FIGURE 7 - Surface of Ti-implanted W2
after exposure to potentiodynamic polariza-
tion scans in the pH 9 solution without
chloride showing oxide film. (7X)

tions of pH 9 and 12, the magnitude of the anodic cur-
rent density throughout the potential range of the sweeps
is reduced by the implanted species, indicating that the
films formed on Ti-implanted W are more protective than
those formed on unimplanted W. (See Figure 7.)

Tantalum-Implanted W2 Alloy
Figure 8 shows polarization curves for the Ta-
implanted tungsten alloy in solutions of pH values of 4, 9,
_and 12. The shapes of the curves are similar to those of
the unimplanted alloy. The first positive direction sweep
with the Ta-implanted alloy in the pH 4 solution is very

raL1s |
+.700 4 toruz (2x1817) pues

similar to that observed with the unimplanted alloy. How-
ever, the second positive direction sweep in this figure
differs from that observed with the unimplanted W alloy
in that the current density of the implanted alloy is an
order of magnitude greater. According to the Pourbaix
diagram, Ta,0,, a stable protective oxide, is formed in
aqueous solutions of the pH range of from 0 to 14.
Nevertheless, larger currents were observed for the im-
planted alloy. This may be due to the high densities of the
elements involved (W alloy ~19.3 g/cm3, Ta-13.6
g/cmd) and the magnitude of the ion energy (160 KeV)
employed for implantation, which resulted in very low
concentrations of Ta on the surface to a depth of 140 A.

Tantalum implantation had little or no effect on the
polarization curves for the alloy in the pH 9 and 12 solu-
tions.

Unimplanted W2 in Chloride-Containing
Solution —Effect of Cl and pH

The complete, three-sweep potentiodynamic
polarization curves characteristic of unimplanted W2
alloy in 0.1 M NaCl solution buffered to pH values of 4,
9, and 12 are shown in Figure 9. These curves differ
from the corresponding curves in a chloride-free environ-
ment as follows: the corrosion potentials are slightly more
active, except at pH 9 where they are essentially iden-
tical; the passive current densities are markedly greater,
and hysteresis loops are observed at all pH values. In-
creasing the pH increases the anodic current density, par-
ticularly from pH 4 to 9.

Cl-Containing Solution —Cr-
Implanted W2 Alloy

Figure 10 shows the potentiodynamic polarization
curves for Cr-implanted W2 alloy in the pH 4, 9, and 12
solutions. The general shapes of these curves are similar
to the curves for the unimplanted alloy. The corrosion
potentials remain essentially the same. In solutions of pH
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FIGURE 8 - Polarization curves of Ta-implanted W2 in pH of: (a) 4, (b) 9, and (c) 12 solu-

tions without chloride.
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FIGURE 9 -~ Polarization curves of W2 in pH of: (a) 4, (b) 9, and (c) 12 solutions with
chloride.
s
700 CrA2 (2x10'7) pieds0.1M NaCl Ceniz 12110'T) pie9e0. NaCl crn2 12010'7) pua1240. W BaCl
< 1 ﬁ
. 1001 1> 2
.00 4
1 H '
.04
< 1 ’
.7ﬂ!w ;r . 1
¥~ BT BTN ) o o 1o T 109 ob o o I T A T T4
a b - c

FIGURE 10 -~ Polarization curves of Cr-implanted W2 in pH of: (a) 4, (b) 9, and (c) 12 solu-

tions with chloride.

4 and 12, the anodic current density for the implanted
alloy is larger than that for the unimplanted alloy. At pH
9, however, Cr reduces the anodic current density.
These results are consistent with the Pourbaix diagram for
chromium in solutions containing chloride and consider-
ing Cr(OH),enH,O as the stable species. There is a
relatively narrow region of passivity in the:pH range of 8
to 9 in Cl-containing solutions. :

Nickel-Implanted W2 Alloy

Figure 11 shows the potentiodynamic polarization
curves for Ni-implanted W alloy in chloride-containing
solutions of pH values of 4, 9, and 12. The electrochemi-
cal behavior of the Ni-implanted alloy was quite similar to
that of the Cr-implanted alloy previously described. The
N implantation provided a beneficial effect in the pH 9
solution, but produced higher anodic currents in the pH 4
and 12 solutions. Again, resuits were consistent with the
Pourbeix diagram.

Titanium-Implanted W2 Alloy

The potentiodynamic polarization curves for the Ti-
implanted alloy in chloride solutions of pH 4, 9, and 12
are shown in Figure 12. In general, the shapes of the
curves are similar to those of the unimplanted alloy. But
more noble corrosion potentials and smaller currents are
observed for the implanted alloy. The hysteresis loops
observed in the reverse scans are broader than those ob-
served in similar scans for the unimplanted alloy. In sum-
mary, the Ti implantation appears to have a beneficial ef-
fect on the alloy, especially in the pH 9 solution.

Ta-Implanted W2 Alloy

The potentiodynamic polarization curves for Ta-
implanted W2 alloy are very similar in shape to those for
the unimplanted alloy in Cl-containing solution as shown
in Figure 13. The beneficial effects of the Ta-implantation
are reflected in the smaller anodic currents at potentials
up to +0.500 V in the pH 4 solution and to + 1.400V in
the pH 9 solution.
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FIGURE 11 - Polarization curves of Ni-implanted W2 in pH of: (a) 4, (b) 9, and (c) 12 solu-
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FIGURE 12 - Polarization curves of Ti-implanted W2 in pH of: (a) 4, (b) 9, and (c) 12 solu- '
tions with chloride. .
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FIGURE 13 - Polarization curves of Ta-implanted W2 in pHof: (a) 4, (b) 9, and (c) 12 solu-
tions with chioride.
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TABLE 1 - Summary of lon-Implanted W2 After

Polarization Tests
Specimen Surface Elements on Depth Profile Analyses
Condition Surface Other Than
fon/W2. W, C, N, O, & Na (salt) implanted lon Oxide Thickness
P (pH)- Before DP Analyses Width (um) Width (um)
X (salt) {s) = Strong Signal Error 10% Error 10%
wW2rP4 smooth Ni. Fe less than 0.05
w2pP9 smooth Ni, Fe less than 0.01
k w2P12 smooth Ni, Fe less than 0.05
) warPgx deposits Ni(s). Fe more than 0.15 {
W2poxX deposits Ni(s). Fe more than 1
w2rP12X deposits Fe, Ni more than 0.4
Ti/W2P4 smooth Ni 0.12 & shift less than 0.02 ¢
Ti/W2P9 smooth Ti. Ni, Fe 0.1 less than 0.02
¥ Ti/W2P12 smooth Ti(s), Ni, Fe 0.12 & shift more than 0.18
\ Ti/W2P4X smooth Ti(s), Ni. Fe 0.1 & shift less than 0.02
N Ti/W2P9X deposits Ti. Ni, Fe 0.12 & shift about 0.1
Ti/W2P12X  deposits Ti(s), Ni, Fe 0.13 & shift about 0.15
Ni/W2pP4 smooth Ni(s). Fe less than 0.03 less than 0.02
y Ni/W2P9 smooth Ni(s). Fe 0.08 about 0.03
Ni/W2P12 smooth Ni(s). Fe about 0.08 about 0.08
K Ni/W2P4X smooth Ni(s). Fe more than 0.08 less than 0.02
N Ni/W2P9X smooth Ni, Fe about 0.03 more than 0.15
a Ni/W2P12X  deposits Ni, Fe less than 0.02 more than 0.1
; Cr/W2P4 smooth Cr. Ni small Cr profile more than 0.1
¥ width 0.05
K Cr/W2P9 smooth Ni, Fe less than 0.01 more than 0.05
N extended Ni depth .
: Cr/W2P12 coating Cr. Fe. Ni less than 0.01 about 0.05
Cr/W2P4X smooth Cr, Ni small Cr profile more than 0.1
width 0.05
Cr/W2P9X scales. Ni, Fe null more than 1
layers
. Cr/W2P12X  coatings Cr, Ni. Fe(s) less than 0.05 more than 0.2
é Ta/W2P4 smooth Ni, Fe trace none
Tea/W2P9 smooth Ni trace more than 0.04
¢ Ta/W2P12 smooth Ni trace about 0.03
. Ta/W2P4X spotty Ni. Fe trace less than 0.01
pits
Ta/W2P9X scales Ni, Fe trace more than 0.6
. coatings ’ extended Ni depth
" Ta/W2P12X  spotty Fe(s). Ni none about 0.2
] hym
2
.
Auger Analysis oxide layer, and it displayed a Gaussian depth profile

The results of Auger analyses of reacted specimens
are contained in Table 1 and summarized below.

Unimplanted W2 Alloy

After the potentiodynamic polarization scans, the
surfaces of all specimens were enriched with the matrix
elements of the W2 alloy, Ni, and Fe. The amounts of Ni
and Fe on the surface increased in the chloride-contain-
ing solutions. The depth profile analyses showed that
anodic oxide films of varying thickness were present on
all specimens. The oxide thickness varied widely from a
minimum in the chloride-free pH 9 solution to a max-
imum of 1 um in the pH 9 chloride solution. In the pH 9
chiloride solution, two layers of Ni and W oxide films were
found. The nickel film was present on top of the tungsten

R l-‘z
‘5 & X}

distribution. In general, thicker anodic oxide films were

produced in chloride solutions. It is likely that Cl ions con-
tributed to the accelerated oxide formation.

Ti-Implanted W2 Alloy

The depth profile for titanium before and after
polarization runs was similar. Although there were vary-
ing degrees of oxide formation as indicated by the oxygen
profile curves, the magnitude of the titanium signal in
these oxide layers was not changed appreciably and the
widths of the profile remained the same (about 0.1 um).
(See Figure 14.) In some instances, a large concentration
of titanium was observed on the surface. This was prob-
ably due to the displacement of the Ti toward the surface.
The Ni and Fe matrix elements also concentrated on the
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FIGURE 14 — Auger concentration depth profiles of Ti, W, and O
before and after Ti-implanted W2 subjected to potentiodynamic
polarization in pH 9 solution without chloride. Note the difference be-
tween the theoretical and actual profile of Ti.

top surfaces, and the enrichment of these metals on the
surface was accelerated in chloride solutions.

Ni-Implanted W2 Alloy

The Ni-implanted W2 was unique in that the metal
tended to accumulate on the surface. A high concentra-
tion of Ni on the surface was usually observed. The depth
profile was found to alter considerably after polarization.
In the Cl-free solutions, Ni was displaced significantly
toward the surface so that only a portion remained. But
in chloride solution, Ni disappeared. A significant oxide
layer formation was observed as pH increased in Cl solu-
tions. In the absence of Cl, the widths of the oxygen pro-
file appeared to be associated with those of the nickel
profile, that is, a nickel oxide had formed. But in the Cl
solution (except for pH 9), the oxygen profile far ex-
ceeded that of nickel; that is, other oxides had formed.

Cr-Implanted W2 Alloy

The behavior of the ion-implanted Cr varied widely
from solution to solution. The majority of Cr was found to
concentrate near or at the surface together with Ni and
Fe. The surface topology changed markedly in the high
pH solutions with the formation of various oxide layers.
In the Cl-free pH 9 solution, the formation of a Ni oxide
layer was observed. Although smail amounts of Cr,
represented by a narrow profile width and a low concen-
tration, were detected in the low pH solutions, no Cr was
detected in the high pH Cl solutions.

Ta-Implanted W2 Alloy
Most of the Ta in the implanted surface was lost after
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the polarization runs (Figure 15). Even in the less corro-
sive, Clfree solutions, the Ta profile had nearly disap-
peared, and the formation of Fe and Ni oxide layers pre-
dominated in Cl solutions.

An assessment of corrosion behavior based solely on
Auger analyses (depth profile, thickness of oxide layer,
distribution of W, and the matrix elements of the alloy) in-
dicates that: (1) generally, corrosion increases with in-
creasing pH and with the addition of Cl and (2) among
the implanted species, Ti provides the best protection.

Conclusions

In brief summary, the unimplanted and implanted
tungsten alloy exhibits an active/passive transition in the
solutions studied, but the magnitude of the passive cur-
rent density exceeded 100 ua/cm? in most cases.
Generally, corrosion rates increase with increasing pH
and in the presence of chloride ions. The hysteresis loops
observed during reverse sweeps are attributed to crevice
corrosion and porosity in both the tungsten grains and the
matrix alloy. Among the Cr, Ni, Ta, and Ti implanta-
tions, Ti improved the corrosion resistance of the
tungsten alloy. The magnitude of the current density
throughout the potential range of the sweeps was re-
duced. The Auger depth profile for titanium before and
after potentiodynamic polarization sweeps was similar;
l.e., the magnitude of the titanium signal in the oxide
layers and the width of the profile remained essentially
the same. Generally, Pourbaix diagram data and Auger
analysis results were in agreement with the electrochemi-
cal data.
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FIGURE 15 — Auger concentration depth profiles of Ta, W, and O
before and after Ta-implanted W2 subjected to potentiodymamic
polarization in pH 9, 0.1 M NaCl solution.
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